Introduction
Thermal plasma is a very useful heating source that is currently used in several industries such as ore refining, garbage incinerators, and chemical synthesis. Due to the many different applications of plasma, plasma processing has been extensively studied. The process of synthesizing materials is called plasma processing and the process has many advantages over conventional processes. Although processing plasma is mainly used as a heat reservoir, other advantages of plasma processing have been discovered, and increasing attention is now being focused on exploration of these advantages. Recently, these advantages have been applied to a separation process of useful metals from dross, and the removal of harmful materials. Many economical advantages of these processes have been reported. 1, 2) Removal processes using vacuum plasma are very useful in industry and have been studied extensively. Takeda et al. have discharged vacuum plasma onto a metal oxide film attached to an Fe rod and reported the removal effects of the film. The cleaning rate of the metal oxide directly increased as the plasma current increased. [3] [4] [5] This phenomenon has often been discussed, however, the mechanism is still unknown.
In the industrial removal process, thermal plasma processing has shown cost advantages and has been employed in many different kinds of processing. The removal effect mechanism of the atmospheric plasma should be more closely studied in order for it to be applied to a scaled-up, huge industrial removal process. There are very few reports or studies about even simple metal oxide systems, despite the potential importance of this process. This paper examines the cleaning rate of Fe 3 O 4 during thermal plasma processing, and the electron reduction reaction that occurs in the transferred Ar thermal plasma.
Experimental
A 20 kW hybrid plasma arc furnace was employed as shown in Fig. 1 A polished Fe rod (f10ϫ30.0 mm, 99.5% Fe, The Nilaco Corporation) was fixed onto the anode and used as a dais for the sample. The sample was set onto the dais in a way to not bring out a large thermal gradient. A side of the dais was covered with an alumina tube to protect it from the thermal plasma.
The chamber was then evacuated and rinsed with Ar gas. After that, the Ar gas was passed through a plasma gun with a flow rate of 1 L/min at a pressure of 1 atm. The temperature of the sample was measured under the Fe 3 O 4 film using an R-type thermocouple inserted into the sample at a depth of 1.0 mm from the surface and the thermocouple was set at that point. A sample to measure the temperature was different from the sample to measure the cleaning rate. The distance between the tungsten electrode and the sample surface was controlled by the vertical movement of the Cu stand.
The transferred thermal plasma was generated via a hybrid apparatus. After igniting the non-transferred thermal plasma with a current of 150 A (DC1), a constant voltage was applied between the tungsten electrode and the iron dais by a potentiometer (DC2), and the transferred plasma was easily generated.
The experimental conditions are shown in Table 1 . The oxidation time corresponds to the thickness of the Fe 3 O 4 film. A sample with an unknown oxidation time had an equal film thickness. The electric currents and voltages of both the transferred and non-transferred plasmas were recorded with a computer. The time when the transferred plasma turns on is defined as the start in the irradiation time. The oxygen potential of the Ar output gas was measured with a closed-end sensor tube of ZrO 2 -15mol%CaO as a solid electrolyte, and air was used as a reference. 6) The photograph of the sample surface was a computer manipulated image converted to a black and white illustration. The conversion threshold number was determined using the sample without a plasma treatment. The area covered with Fe 3 O 4 film was divided by the total area, which was defined as the cleaning ratio. Figure 2 shows a photograph of Samples No. 1-5 and 8 ((a) without plasma treatment, (b) with non-transferred plasma treatment, (c) with 2 A plasma treatment, (d) with 3 A plasma treatment, (e) with 4 A plasma treatment, and (f) with 5 A plasma treatment). The removal area of the Fe 3 O 4 became larger as the current that passed through the plasma increased (defined as plasma current). Fire spots were found on some samples (Nos. 2E, 2G, 2L, 2M, 2R, 2S, 24, 25, 28, 29, 2d, 2e, 2h, and 2i). These spots were considered to be a result of the magnetic pinch effect of thermal plasma because they were small at high current plasmas. It is noticeable that a trace of melting was also recognized at the surface after the plasma was irradiated.
Results
As shown in Fig. 3 , the cleaning rate of the Fe 3 O 4 film in the Sample Nos. 1-8, 11-16 increased to about 80 %, while the current of DC 2 (direct current power supply 2) increased from 0 to 5 A. The plots of the plasma current at 0 A in Figs. 3-6 are for non-transferred plasma. The removal rate for 4-5 A seemed not to increase at first inspection as shown in Fig. 2 . Image processing with a computer exposed a sub-visible decrease of the Fe 3 O 4 film removal.
The Sample Nos. 2B-2S are plotted to measure the de- pendence of the rate 3) on the irradiation time, as shown in Fig. 4 . The rates are equal to each other despite the fact that the irradiation times were different. This result indicates that the rates showed little dependence on the irradiation time, and that the thermal plasma rapidly removed the Fe 3 O 4 film.
From an electrochemical stand point, Fe 3 O 4 film is an electrolyte and plasma acts as a cathode electrode. Considering this system as an electrochemical one, the cleaning rate should follow Faraday's Law. Figure 5 shows the plasma current dependence of the cleaning rate when electric quantities passing through samples were constant (Qϭ 720 (C)). In the case that the electrochemical reaction dominantly acts upon the cleaning rate, the rate should have little dependence upon the plasma current. However, Fig. 5 indicates that the plasma current dominantly acts upon the cleaning rate. The thicknesses of Sample Nos. 21-29 were different from those of Sample Nos. 2a-2i in this figure. If an electrochemical reaction controlled the reaction mass of the surface, the cleaning rate would not show this plasma current dependence. However, the samples that were about 5 A possess a larger rate than those of 2 A in Sample Nos. 21-29, and Sample Nos. 2a-2i. This result shows that the plasma current was the largest predominating factor for cleaning rate control. Figure 6 shows the maximum temperature of the surface resulting from the plasma current. The time-temperature curves were the same for both the rising and the falling temperatures. It can be seen that the sample of the 5 A plasma is at 1 073 (K).
The oxygen partial pressure decreased and gradually increased during the non-transferred plasma irradiation, as shown in Fig. 7 . This decrease was caused by the thermal oxidation of the sample. When the oxidation had finished, the partial pressure increased. When slight current plasmas (2 A and 3 A) were irradiated, the oxygen partial pressure increased, which means that the O 2 gas was supplied into © 2010 ISIJ the output gas. Figures 3, 4 and 5 show that cleaning rate depends upon the plasma current. This result agrees with other vacuum plasma reports. 4, 5) This indicates that plasma current is an important parameter to control the process in not only vacuum plasma, but also in atmospheric plasma. Generally, the reaction mass in the atmospheric plasma is calculated using Faraday's law of electrolysis, 3) and the sample is recognized to be an anode. Figure 5 shows the plasma current dependence of the cleaning rate when an electrochemical reaction effect is equal in each of the samples. This result agrees with other reports. [3] [4] [5] 
Discussion

Validity of Measurement
Removal Effect Measurements
Temperature of Fe 3 O 4 Film
Traces of surface melting were observed in the sample after plasma irradiation. The melting point of the Fe-O system is at least 1 667 (K). 7, 8) If one assumed that the removal of Fe 3 O 4 was result from thermal melting, about 600 (K) temperature difference between the surface and the thermocouples must exist.
Let us consider whether the large temperature difference can exist or not. The distance between the surface and the point measuring the temperature was only 0.5-1.0 (mm), and an iron rod was employed as a mount. This iron rod was sufficiently long to decrease the thermal gradient. The heat conduction analysis indicates that the thermal gradient between the surface and the point can't account for the measured temperature. The data for this calculation was taken from Ref. 9 ). This phenomenon can't be accounted for by the theory that plasma particles go cold near the sample, too. About 600 K temperature difference between the surface and the thermocouples could not exist in this system.
The discussion will focus on the reaction mechanism. The oxygen partial pressure of the output gas decreased during the non-transferred plasma irradiation, as shown in Fig. 7 . When the transferred plasma was irradiated, the oxygen partial pressure increased. The oxygen sensor could not sense the bulk oxygen. This result indicates that the transferred plasma increased the oxygen pressure of the output gas. The removal effect is result from a reduction.
Energy Supply Mechanism for a Reduction Reac-
tion The discussion will focus on the reaction mechanism from plasma physical perspective. As shown in Fig. 2 , the Fe 3 O 4 film was removed by thermal plasma irradiation. Fe was detected with an XRD after plasma irradiation. In this system, three mechanisms should be considered to evaluate the reaction mass: plasma etching, electrochemical reduction, and thermal-vaporization. Let us consider what mechanism controlled the reaction mass dominantly.
The number density of each ion on the surface was calculated by Amakawa et al. 10) and the reaction mass of the plasma etching can be estimated. These densities were too low to show an effect on the reaction mass. Considering the number densities of each ion in this system, and the result of Fig. 5 , 3, 5, 10, 12) plasma etching and electrochemical reaction did not control the reaction mass. However, the vaporization mass was higher than that calculated by the Hertz-Knudsen equation. Simple thermal-vaporization could not account for the reaction mass. This conclusion does not agree with claims reported by others on this point. 4, 11) Authors think that there must be another mechanism to evaporate the Fe 3 O 4 film.
Thermal flux from the plasma phase is divided into five mechanisms and the condensation energy of each electron dominated the flux in this system. 10, 11) The flux of the condensation mechanism is thought to locally heat materials, and the mechanism spends almost all of its energy on vaporization. This conclusion closely explains many phenomena. [3] [4] [5] 11) This thermodynamic idea accounts for removal effects as well. The condensation mechanism rapidly converts the energy from the plasma phase to the object being heated, and the high energy density state comes about at the interface. It is difficult to diffuse the flux, and the energy has no choice but to move towards vaporization. In other words, the both the diffused thermal energy within a specified value, and the excess energy are consumed during vaporization. This conclusion is important to account for the vaporization theories found in references. [3] [4] [5] It is the local heating that can evaporate the Fe 3 O 4 at low temperatures.
Reduction Reaction Formulas
The reduction energy supply mechanism includes three reaction processes and is described by the following equations: (3) and (4) flied into the plasma phase. The driving force to eject the O ions from the sample was floating potential and these ions became neutral to collide plus charged ion in plasma phase. The oxygen sensor feels the oxygen as shown in Fig. 7 . The total reaction formulas are as follows: The authors think that the local heating mechanism exists with an electrochemical reaction, and the driving force of the reaction is a floating potential, as indicated in Ref. 13).
Conclusion
Ar transferred thermal plasma was applied onto Fe 3 O 4 film covering an Fe rod. The cleaning rate shows that the film thickness depends closely on the plasma current, and the radiation time does not produce much of an effect. The plasma current is the most dominant cleaning rate parameter. The temperature at the sample surface is below the melting point. The amount of thermodynamic evaporation and ion sputtering can be ignored in this system. The recombination and the condensation energy locally heat the sample and the high energy density brings out the reduction, as shown in the following equations: However, the data collected from the other systems are insufficient, and further studies need to be carried out.
